The spectral dependence of the mean transverse energy and quantum efficiency of photoemission from a single-crystal Rh(110) photocathode are determined at 300K using the solenoid scan technique and a sub-picosecond laser-based UV radiation source tunable from 3.0-5.3eV (235-410nm). The tunable UV radiation is generated by sum frequency mixing the second and third harmonics of a front-end, 2W, 28MHz repetition rate, femtosecond Yb:KGW laser with signal and idler radiation from nonlinear-fiber continuum-seeded optical parametric amplification. The measured properties of the Rh(110) photocathode are well explained by a one-step photoemission simulation employing the dispersion of the emitting Σ 1 and Σ 2 bulk band states evaluated by fully relativistic (including spin-orbit coupling) Ab initio density functional theory methods and an exact quantum solution for transmission through and over a triangular barrier that is extended into the transverse dimension. The inclusion of the joint density of states (bulk crystal and vacuum) in the simulation accounts for the observed spectral dependence of both the mean transverse energy and the quantum efficiency of the photoemission process. The consequent demonstrated base line for the evaluation of photocathode emission properties using Ab initio methods will allow for the development of screening tools to select promising (ultra)low emittance solid-state photocathodes.
I. INTRODUCTION
Planar pulsed-laser-driven photocathodes are now routinely employed as the front-end electron source in high space-time resolution research instruments such as sub-picosecond X-ray free electron lasers (XFELs), 1,2 and single-shot dynamic transmission electron microscopes (DTEMs) 3, 4 and ultrafast electron diffraction (UED) systems. [5] [6] [7] [8] The performance of these cutting-edge research instruments is fundamentally linked to the quality of the electron source; in particular, to the mean transverse energy (MTE) of the photo-emitted electrons 9 -even a modest factor of 2-3 reduction in the MTE likely providing for an order of magnitude increase in XFEL photon energy 10 and a significant enhancement in DTEM and UED spatial resolution due to the consequent increase in the transverse coherence length. 8, 11 The MTE (or intrinsic emittance 12 ) is in turn dependent upon (i) the dispersion of the electronic states from which they are emitted into the vacuum [13] [14] [15] (as transverse momentum is conserved in photoemission 16 ), (ii) the temperature of the electron distribution in the photocathode material, 14,17 (iii) surface effects, such as physical 18 and chemical (surface work function variation) 19 roughness that affect the transverse momentum of the electrons upon emission, and (iv) phonon scattering 20 in materials with a sufficiently large electron-phonon scattering cross-section. In addition, after emission, disorder-induced electron-electron scattering is theoretically expected to limit the lowest achievable MTE to 1-2meV. 21 In this paper, we present a spectral analysis of the photoemission characteristics of a single-crystal Rh(110) photocathode from below the photoemission threshold to excess photo-electron energies of ∆E ≈ 1.0eV. The spectral dependence of both the MTE, obtained using the solenoid scan technique, 14, 22, 23 and quantum efficiency (QE) of photoemission are determined at 300K using a subpicosecond laser-based UV radiation source tunable from 3.0-5.3eV (235-410nm). The results obtained from the rhodium photocathode are directly compared to expectations from one-step photoemission model 24, 25 that is an extension of the exact analytical triangular ARTICLE scitation.org/journal/adv barrier solution of Forbes and Deane 26 to include a parabolic approximation to the dispersion of the relevant photo-emitting states (i.e., bulk crystal electronic band states) evaluated using Density Functional Theory (DFT), their local density of states, and a full description of the vacuum states. The good agreement of our photoemission simulation with the experimental measurements represents a singular benchmarking that provides a roadmap for the development (or discovery) of new (ultra)low emittance photocathodes; that is, the demonstrated base line for the evaluation of photocathode emission properties using Ab initio methods will allow for the development of screening tools to select promising solid-state photocathodes.
II. BAND STRUCTURE OF RHODIUM
The first step in a first-principles analysis of photoemission from crystalline photocathodes within the one-step model 24 is the identification and characterization of the occupied states below the Fermi level from which photo-emitted electrons can originate. 14, 15 To evaluate the band structure of crystalline Rh, we employ DFT using the PWscf code of the Quantum-EXPRESSO suite. 27 The DFT calculations include full relativistic effects, with spin-orbit coupling included during the plane wave self-consistency iterations. That is to say, a fully relativistic pseudopotential within the generalized gradient approximation (GGA) 28 was employed. For the DFT calculation of the bulk Rh crystal, the electronic wave function is described by a plane-wave basis set with an energy cut-off of 40Ry, and the energy cut-off for the charge density is set to 350Ry. A threshold of 10 -6 Ry for the ground state energy is used, and a sampling of 200 Monkhorst-Pack special k-points along the primary crystallographic directions 29 and a Marzari-Vanderbilt smearing 30 with a broadening of 0.01Ry is employed. The resulting DFT calculated face-centered cubic crystal structure for Rh has a lattice constant a = 3.855Å, which is within 2% of the experimental value. 31 Figure 1 shows the relevant portions of the band structure of Rh for photoemission in the (110) crystal direction (the Γ − K direction in the Brillouin zone) calculated using the DFT evaluated crystal parameters. For convenience, the Fermi level depicted by the horizontal line is set to zero energy. Our electronic band structure is almost identical to that of N. E. Christensen 32 and indicates that only two electron bands are expected to contribute strongly to photoemission from Rh(110) when ∆E < 1eV; the Σ 1 and Σ 2 bands labeled Band 1 and Band 2, respectively, in the reduced zone scheme of Fig. 1 (left panel). These two photo-emitting bands reside in the first and second Brillouin zones, respectively, as shown in the unfolded zone representation of Fig. 1 (right panel). 33 Also evident from the band structure is that there are no other bulk electronic states around the vacuum level (dashed line in Fig. 1 (left panel)) that can affect the photoemission mechanism; that is, photoemission from Rh(110) can only be a one-step process.
For excess photoemission energies less than 1eV, the Σ 1 and Σ 2 emitting band states in the vicinity of and just below the Fermi level may both be well approximated by a cylindrical parabolic dispersion of the form
where mz is the longitudinal electron effective mass in the Γ − K emission direction with momentum pz, m T is the electron effective mass in the transverse direction with momentum p T , p 0 defines the longitudinal momentum of the minimum or maximum of the parabolic band in this approximation, and E 0 is the energy of the latter momentum point with respect to the zero energy Fermi level ( Fig. 1 ). The longitudinal components of the parabolic dispersion approximations are shown by the red-dashed curves in Fig 1 (right  panel) , and the so extracted parameters mz, m T , p 0 , and E 0 for the Σ 1 and Σ 2 bands are listed in Table I using 
in the comparison of the experimental measurements of the spectral dependence of the MTE and QE with our one-step photoemission model.
III. EXPERIMENTAL PROCEDURE AND METHODS
The design of the tunable ultra-violet (UV) radiation source used for the spectral characterization of the single-crystal Rh(110) photocathode is shown schematically in Fig. 2 (a). The front end is a thermal-lens-shaped, diode laser pumped, and mode-locked Yb:KGW laser oscillator 34 generating 250fs duration pulses at 1046nm and a 28MHz repetition rate. The 2W of output power from this femtosecond laser is split into two: 1.7W is frequency doubled in a 5mm non-critically phase-matched (NCPM) Lithium triborate (LBO) crystal to generate ∼1W of green radiation at 523nm, and the residual 0.3W is coupled into a 50cm-long nonlinear fiber (SC-3.7-975, NKT Photonics) to generate a stable super-continuum that extends to ∼700nm on the short wavelength side of the 1046nm input ( Fig. 2(b) ). Silver-coated off-axis parabolic mirrors are used to first collimate and then focus the picosecond pulses of continuum radiation into a 10mm-long NCPM LBO crystal that acts as a first stage of optical parametric amplification (OPA) using the temporally and spatially coincident co-linear ∼140kW peak power green pulses as the pump radiation. After a 5:3 relay-imaging magnification from the ∼60µm-diameter spot size for both the pump radiation and amplified continuum in the first OPA stage, the pulses in both beams are again temporally and spatially overlapped in a second OPA consisting of two back-to-back, critically phase-matched (i.e., angle-tuned), 15mm LBO crystals. A 1.5mm a-cut α-barium borate crystal is inserted between the two LBO crystals to compensate for the group velocity dispersion between the pump and amplified signal frequency pulses. A filter between the two OPA stages blocks the idler radiation generated in the first OPA to provide for a clean parametric amplification for the 700-920nm signal radiation and generation for the 1.2-2.0µm idler radiation in the second OPA stage. Fig. 2(b) shows the typical performance of the 28MHz continuumseeded OPA at a signal wavelength of 870nm; the first OPA stage amplifies the horizontal polarization component of the un-polarized continuum by a factor of ∼10 and a further signal wave amplification of ∼3 is achieved in the second OPA stage.
To generate the tunable UV radiation, the co-linearly propagating signal and idler waves from the parametric amplification are sum frequency mixed with either the second or third harmonic of the laser at 523 or 349nm in two β-barium borate (BBO) crystals cut for a type-I interaction. The second and third harmonics are generated in two critically phase-matched 10mm LBO crystals from the residual ∼0.7W of fundamental radiation at 1046nm after the initial doubling step. The third harmonic generation involves both group velocity mismatch compensation using a 2mm a-cut α-barium borate crystal and spatial walk-off compensation. 35 The sum frequency generation of the tunable UV employs a noncollinear interaction geometry such that the generated tunable UV radiation is automatically spatially separated from both the signal-idler beam and the second-third harmonic beam ( Fig. 2(a) ). The resulting p-polarized tunable UV radiation with a power of 10-100µW is then relay imaged with a factor of 2 magnification onto the photocathode surface using all-reflective Al-coated optics. Together with the third harmonic radiation (hω = 3.56eV) and a fourth harmonic beam (hω = 4.75eV) generated by frequency doubling of the residual OPA pump radiation, this 28MHz radiation source is capable of providing almost continuous UV tunability from 3.0-5.3eV (235-410nm).
The procedure employed to measure both the MTE of the electrons photoemitted from the Rh(110) photocathode and the QE ARTICLE scitation.org/journal/adv of their photoemission have been reported elsewhere. 23 Briefly, a solenoid scan technique 22 is used to determine the MTE by fitting the measured electron beam spot size on a Ce:GAGG 36 scintillator screen (1:1 imaged onto a CCD camera) as a function of the focal strength of the two counter-wound cylindrical (solenoid) magnetic lenses with an extended analytical Gaussian (AG) model 23, 14, 37 simulation of the electron pulse propagation. In these studies, conducted at 300K, the electron pulses are generated in a 20kV DC photoelectron gun in which both the anode and cathode are shaped to minimize the net transverse electrostatic lensing (in the non-relativistic limit) in its acceleration region; i.e., the beam divergence caused by the spatially convergent acceleration field at the gun anode (the 'anode lens') is significantly reduced. A finite element analysis is used to determine the exact shape of the near parabolic axial acceleration field in the gun -a required input data set for the AG model. The 8mm-diameter, planar single-crystal Rh(110) photocathode is co-axially inserted in the cathode and irradiated at a 60 ○ angle of incidence by the UV radiation. The spatial dimensions of the incident Gaussian UV laser beams, which is an input parameter for the AG model simulation, are determined by translating a 10 or 25µm pin hole across the beam and monitoring the throughput using a GaP photodiode. Accounting for the factor of 2 increase due to the 60 ○ angle of incidence in the horizontal (x) direction, the measured Gaussian half-width 1/e maximum (x, y) irradiance spot sizes at the photocathode surface are; (240, 80)±5µm for the tunable UV radiation generated using third harmonic (4.2-5.3eV), (240, 110)±5µm for the tunable UV radiation generated using the second harmonic (3.0-4.2eV), (330, 150)±5µm for the fourth harmonic at 4.75eV, and (240, 120)±5µm for the third harmonic at 3.56eV.
For the photoemission QE measurements as a function of photon energy, the scintillation screen is replaced by a 5mm-diameter aperture Faraday cup connected to a pA meter. The current in the solenoid scan lenses is set so that the electron beam is focused at the Faraday cup to ensure all emitted electrons are collected. The incident laser power is monitored before the last Al turning mirror (directing the UV light onto the photocathode) and the UV-grade fused silica vacuum system window using a calibrated photodiode power meter with a sensitivity into the 10nW range. The known reflectivity of the Al mirror and transmission of the fused silica window as a function of UV wavelength are included in the QE evaluation.
The 99.99% purity single-crystal Rh(110) photocathode from Princeton Scientific 38 is polished to a surface roughness of less than 30nm and has an orientation accuracy of better than 0.1 ○ . Consequently, for our low 0.5MV/m acceleration field at the photocathode the effect of physical surface roughness is negligible 18, 19 -as was also verified in prior studies with our solenoid scan system. 39 Chemical roughness effects due to surface work function variations 19 are of course eliminated through the use of a well-polished single-crystal emission face. We note that other than standard optical cleaning (to remove dust etc.) of the polished photocathode surface prior to insertion in our ∼10 -7 torr vacuum chamber, no other surface preparation was employed.
IV. MEAN TRANSVERSE ENERGY
The spectral dependence of the measured MTE for the Rh(110) photocathode is shown in Fig. 3 together with the results of a Table I to simulate the emitting Σ 1 and Σ 2 electronic bands for Rh(110). The local density of states (LDOS) 40 and a Fermi distribution function with an electron temperature (Te) of 300K are used to complete the description of the occupied electronic emission states of the crystalline photocathode. In addition to transverse momentum and energy conservation, 14, 15 the numerical analysis also includes the vacuum density of states; that is, for the simulated one-step photoemission process, the 'joint density of states' between the initial occupied and final unoccupied states is evaluated explicitly as is required in any description of bandto-band transitions; for example, optical absorption in semiconductors. 41 This photoemission simulation also intrinsically computes both over barrier emission (∆E > 0) and tunneling (∆E < 0), but does not include the Schottky effect. 12, 18, 42 The latter two are negligible for the acceleration field of ∼0.5MV/m at the photocathode surface in the employed 20kV electron gun.
The two dashed lines in Fig. 3 show the MTE of electron emission predicted by the one-step simulation for the Σ 1 and Σ 2 electronic bands. The simulated relative QE from each band as a function of excess photoemission energy is then used as a weighting to evaluate the theoretically expected MTE from Rh(110) as a function of incident photon energy; that is, the emission from each band is assumed to be independent. The resulting spectral trend predicted by the one-step parabolic band photoemission simulation, shown ARTICLE scitation.org/journal/adv by the solid line in Fig. 3 , is clearly in very good agreement with the experimental data. We note that the Σ 2 band dominates photoemission from Rh(110) since its density of states at zero transverse momentum (p T = 0) is significantly larger than that of the Σ 1 band at all investigated excess energies; specifically, the magnitude of mz is 7× greater for Band 2 than Band 1 (Table I) . Also notable is that the one-step photoemission simulation predicts that the MTE will level off to a constant value of 39meV for incident photon energies below the 4.23eV work function. This value is 56% larger than the 300K limiting value of k B Te = 25meV predicted by the polylogarithmic formulation developed by Vecchione et al. 17 which is included as a solid black line in Fig. 3 . Roughly 70% of this difference is accounted for by the use, in their analysis, of an effective electron mass equal to the free electron mass m 0 in the photocathode material and the omission of parabolic emission bands and the vacuum state physics 25 -effects that are also evident at incident photon energies greater than the work function. The rest is due to the 'abnormal' nature of the emission bands; specifically, the fact that both bands have opposite signs for the longitudinal and transverse effective masses. This dispersion difference provides for electronic states at higher transverse momenta that may emit in the Boltzmann tail of the photo-excited electron distribution extending above the vacuum level. Nonetheless, our one-step photoemission analysis predicts that sub-10meV MTE values can be attained using Rh(110) at photoemission threshold (∆E = 0) provided the photocathode is cooled to below 70K and laser-induced heating 43 does not increase Te.
Additionally, the experimental data indicates a small increase in MTE at negative excess energies of around −0.15eV when the incident photon energy is about 4.1eV (300nm). This is likely due to either resonant multi-photon photoemission or the presence of a thin (∼1 mono-layer) surface oxide layer that also reduces the work function by ∼0.5eV (see Section V below). As depicted in Fig. 1 (left  panel) , at incident photon energies of ∼4.1eV two photons could excite electrons from a lower band in the same first Brillouin zone via either a one-or two-photon resonance with the Σ 1 band to produce electrons with a small 0.1-0.2eV excess energy, thus increasing the measured MTE. Surface scattering effects and chemical roughness 19 associated with a thin oxide layer under our ∼10 -8 torr vacuum conditions could also contribute to the observed 20-30meV increase in MTE at negative ∆E. For the surface acceleration field of 0.5MV/m employed in the solenoid scan measurements, the analysis presented in Ref. 19 indicates that an MTE increase of ∼20meV could be produced upon propagation away from the photocathode surface of electrons with an initial average 25meV kinetic energy (the Boltzmann tail at 300K) for a realistic ±0.1V surface potential variation (due to non-uniform oxidation) over a characteristic period of less than 100nm. Further, any non-uniformity in the thin oxide layer may scatter photo-emitted electrons to increase their MTE prior to emission -an effect that should also be stronger for slower electrons with lower excess energies (i.e. longer wavelengths). As the excess photoemission energy increases, the impact of these surface effects on the MTE is reduced, since their integrated transverse impulse decreases (due to the reduced longitudinal interaction time), relative to the increasing MTE generated by emission from the bulk band states. None of these state resonant and surface effects, which may change the details of the photoemission spectra, have been included in our one-step photoemission simulation.
For excess photoemission energies greater than ∼0.7eV, our band structure calculation ( Fig. 1 ) also indicates that emission from other filled states below the Fermi level is possible; first from the Σ 4 band in the fourth Brillouin zone just above k = 9π/( √ 2a) and then from the extension of the Σ 2 band just below k = 6π/( √ 2a). However, the contribution to the electron emission from these states is expected to be only a few percent of that from two simulated bands that cross the Fermi level as their effective excess photoemission energies are 0.7-0.8eV lower. Figure 4 displays the measured spectral dependence of the QE for Rh(110), expressed as emitted electrons per absorbed photon using the 45-56% surface reflectivity evaluated from the known complex refractive index Rh 44 over the measured 236-288nm spectral range. The QE increases by three orders of magnitude from ∼10 -8 electrons/photon (the detection limit for the measurement) at hω = 4.31eV to over 3×10 -5 electrons/photon at hω = 5.26eV where ∆E ≈ 1eV. The optical properties of Rh 44 indicate that the high optical surface reflectivity for the p-polarized UV light incident at 60 ○ is due to total internal reflection since the real part of the photocathode's refractive index is less than unity over the measured wavelength range. However, at near normal incidence, the surface reflectivity of Rh increases to over 60%. We also note that nonlinear (e.g. multi-photon) photoemission was not observed in our QE measurements as they were all performed (i) at incident peak pulse laser intensities less than ∼100kW/cm 2 and (ii) at photon energies above the photoemission threshold which excludes the possible two-photon transitions at hω ≈ 4.1eV (see Section VI). In addition, these QE results place an upper limit of ∼100 electrons/pulse for the solenoid scan measurements with the tunable UV radiation 
V. QUANTUM EFFICIENCY AND WORK FUNCTION

ARTICLE
scitation.org/journal/adv source -a pulse charge for which the AG electron pulse propagation simulation indicates that intra-pulse space-charge effects are negligible and so will not affect the extraction of the MTE values presented in Section IV. 23 The theoretical spectral dependence of the QE obtained from our one-step photoemission simulation, using the same two bands employed for the MTE calculation ( Fig. 3) , is plotted as the solid line in Fig. 4 . As the matrix element associated with the photo-excitation is not directly included in the photoemission simulation, the total summed two-band QE evaluated from the photoemission model is scaled linearly to fit the experimental data. Clearly, the theoretical simulation is in very good agreement with the spectral dependence of the QE measurements. It also indicates that the QE does not follow the Fowler-DuBridge quadratic scaling of the QE with excess photoemission energy; 45, 46 that is, QE ≠ A.(∆E) 2 , where A is a constant. Instead, it predicts a ∆E power law scaling with an exponent of around 2.89(±0.05), which is a direct result of the inclusion of bulk band and vacuum states in our photoemission analysis. 25 Armed with this knowledge, one can employ the analysis method of Gobeli and Allen 47 to extract the work function for our Rh(110) photocathode: Namely, a plot of QE 1/2.89 against photon energy provides a linear dependence the abscissa intercept of which gives a value for the work function. 47, 48 The inset of Fig. 4 shows that such an analysis gives a work function of 4.23(±0.05) eV -the value that is employed in our one-step photoemission simulation ( Figs. 3 and 4) .
We have also evaluated the work function for a clean Rh(110) photocathode surface using the thin-slab technique 14, 15, 49 in which the (110) crystal surface is simulated with 0.02Ry Gaussian spreading and fully relativistic pseudopotentials. 28 To ensure sufficient accuracy in the calculation, the vacuum thickness is enlarged from 10 to 20Å and the (1×1) supercell thickness (n) is increased from 6 to 10 atomic layers together with the n × n × 1 Monkhurst-Pack points 29 so that the work function value converges to within ±0.05eV. The value of ϕ Rh(110) = 4.70(±0.05)eV extracted from this calculation is within the range of the accepted value of 4.86(±0.21)eV for Rh(110). 50 It is, however, ∼0.5eV above our extracted experimental value. Although Rodium is not known to react strongly with oxygen, this discrepancy is likely due to a dipole induced by a thin (∼1 mono-layer) surface oxide. Certainly, the (110)-face of face-centered cubic metals is generally more reactive than other low-index crystal faces.
VI. CONCLUSIONS
The presented analysis of the measured spectral properties of a single-crystal Rh(110) photocathode represents, to our knowledge, the first direct interpretation of the emission properties of a photocathode material using its calculated electronic band structure. The excellent agreement of our one-step photoemission simulation with spectral dependence of both the MTE and QE supports the veracity of the approach which employs the exact triangular barrier transmission solution of Forbes and Deane 26 and a cylindrical parabolic approximation to the dispersion of the emission band(s) calculated from Ab initio methods. Also included in our simulation is the joint density of states involved in the photoemission transition; that is, the density of states of both the emitting bulk electronic bands and the vacuum states. The former indicates that the Σ 2 band dominates the photoemission from Rh(110) over that of the Σ 1 band due to its substantially larger longitudinal effective mass mz in the Γ−K direction. The inclusion of both results in (i) a limiting value of the MTE at 300K below the photoemission threshold that is significantly larger than k B Te = 25meV and (ii) a QE that follows a power law dependence on ∆E that is greater than quadratic.
Critical to the agreement between the experimental measurements and the one-step photoemission model is a highly accurate knowledge of the energy-momentum positions of the emitting electronic states since this determines their excess energy, local density of states, and crucially transverse momentum. Even for Rhodium, a second row transition metal, to achieve the necessary accuracy the DFT band structure calculation needed to include full relativistic effects and spin-orbit coupling. Identification of the Brillouin zone in which each emitting band lies is also important as the transmission coefficient of the triangular photoemission barrier is dependent upon the total (crystal) momentum of the incident photo-excited bulk electron. The evident next step in the photoemission simulation should be to employ directly the data from the DFT band structure calculation in the one-step emission model so that arbitrary dispersions of emitting band states can be incorporated into the analysis.
